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We have studied whether the rotation and magnetic fields in neutrino-driven winds can be key processes
for the rapid-process (r-process) nucleosynthesis. We have examined the features of a steady and subsonic
wind solutions which extend the model of Weber and Davis (1967), which is a representative solar wind
model. As a result, we found that the entropy per baryon becomes lower and the dynamical timescale
becomes longer as the angular velocity becomes higher. These results are inappropriate for the production
of the r-process nuclei. As for the effects of magnetic fields, we found that a solution as a steady wind from
the surface of the proto-neutron star can not be obtained when the strength of the magnetic field becomes
≥ 1011 G. Since the magnetic field in normal pulsars is of order 1012 G, a steady wind solution might not
be realized there, which means that the models in this study may not be adopted for normal proto-neutron
stars. In this situation, we have little choice but to conclude that it is difficult to realize a successful r-process
nucleosynthesis in the wind models in this framework.
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Introduction intro
It is one of the most important astrophysical problems that the sites where the rapid-process (r-process)
nucleosynthesis occurs are not still known exactly. There are, at least, three reasons that make the study on
r-process nucleosynthesis important. One of them is a very pure scientific interest. The mass numbers of the
products of r-process nucleosynthesis are very high (A = 80–250), which means that the most massive nuclei
in the universe are synthesized through the r-process. You can guess easily that the situation in which the
r-process nuclei are synthesized is a very peculiar one in the universe. We want to know where, when, and
how the r-process nuclei are formed. Second reason is that some r-process nuclei can be used as chronometers.
For example, the half-lives of 232Th and 238U are 1.405×1010 yr and 4.468×109 yr, respectively. Therefore,
if we can predict the mass-spectrum of the products of r-process nucleosynthesis precisely, we can estimate
the ages of metal-poor objects which contain the r-process nuclei by observing its abundance ratio. Third
reason is that some r-process nuclei can be used as tools of the study on the chemical evolution in our Galaxy
(e.g., Ishimaru and Wanajo 1999), which has a potential to reveal the history of the evolution of our Galaxy
itself. Due to the reasons mentioned above, the study on the r-process nucleosynthesis is very important.
The conditions in which the r-process nucleosynthesis occurs successfully are (e.g., Hoffman et al. 1997):
(i) neutron-rich (nn ≥ 10
20 cm−3), (ii) high entropy per baryon, (iii) small dynamical timescale, and (iv)
small Ye. This is because r-process nuclei are synthesized through the non-equilibrium process of the rapid
neutron capture on the seed nuclei that is synthesized through the alpha-rich freezeout (e.g., Hoffman et
al. 1997). In other words, an explosive and neutron–rich site with high entropy will be a candidate for the
location where the r-process nucleosynthesis occurs.
The candidates of the reliable sites are collapse-driven supernovae (e.g., Woosley et al. 1994) and/or
neutron star mergers (e.g., Freiburghaus et al. 1999). This is because these candidates are thought to have a
potential to satisfy the conditions mentioned above. However, we think that the collapse-driven supernovae
are thought to be more probable sites than the neutron star mergers, because metal poor stars already
contain the r-process nuclei (e.g., Freiburghaus et al. 1999). In fact, McWilliam et al. (1995) reported that
the abundance of Eu can be estimated in 11 stars out of 33 metal-poor stars. These observations prove that
r-process nuclei are produced from the early stage of the star formation in our Galaxy. Comparing the event
rate of collapse-driven supernovae (10−2 yr−1 Gal−1; van den Bergh and Tammann 1991) with the neutron
star merger (10−5 yr−1 Gal−1; van den Heuvel and Lorimer 1996; Bethe and Brown 1998), we can see that
collapse-driven supernovae are favored since they can supply the r-process nuclei from the early stage of
the star formation in our Galaxy. Also, Cowan et al (1999) reported that the abundance ratio of r-process
nuclei in metal poor stars are very similar to that in the solar system. This proves that r-process nuclei are
synthesized through the similar conditions. This will be translated that, at least, most of the r-process nuclei
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are from one candidate. Therefore, we assume in this paper that most of the r-process nuclei are synthesized
in the collapse-driven supernovae.
There are many excellent and precise analytic and/or numerical computations on the r-process nu-
cleosynthesis in the collapse-driven supernovae. However, so far it seems that there is no report that the
r-process nuclei can be reproduced completely. For example, Takahashi et al. (1994) performed numerical
simulations assuming Newtonian gravity and reported that entropy per baryon in the hot bubble is about
5 times smaller than the required value. Qian and Woosley (1996; hereafter QW96) also reported analytic
treatments of the neutrino-driven winds from the surface of the proto-neutron star. At the same time, their
analytical treatments are tested and confirmed by numerical methods. However, it was shown that the en-
tropy derived by their wind solutions fall short, by a factor of 2–3, of the value required to produce a strong
r-process (Hoffman et al. 1997). In order to solve this difficulty, Qian and Woosley (1996) included a first
post-Newtonian correction to the equation of the gravitational force. As a result, they reported that the
entropy increases and the dynamical timescale is reduced by a factor of ∼ 2. Cardall and Fuller (1997) devel-
oped this argument by considering a fully general relativistic treatment. They showed that a more compact
neutron star leads to higher entropy and a shorter dynamical timescale in the neutrino-driven wind. In order
to confirm their conclusion quantitatively, Otsuki et al. (2000) have surveyed the effects of general relativity
parametrically. They reported that r-process can occur in the strong neutrino-driven winds (Lν ∼ 10
52
erg s−1) as long as a massive (∼2.0 M) and compact (∼ 10 km) proto-neutron star is formed. It is very
interesting because such a solution can not be found in the frame work of Newtonian gravity (Qian and
Woosley 1996). Such a solution is confirmed by the excellent numerical calculations (Sumiyoshi et al. 1999).
However, the equation of state (EOS) of the nuclear matter has to be very soft to achieve such conditions.
Although a few non-standard models of EOS can satisfy them (Wiringa et al. 1988) as long as the matter
is sufficiently cold, it seems to be very difficult to achieve them in the phase of the proto-neutron star. In
fact, the r-process nuclei can not be produced in the numerical simulations with a normal EOS (Sumiyoshi
et al. 1999). Thus, it seems that the difficulty can not be solved by only the effects of general relativity.
There is only one report that r-process nucleosynthesis occurred successfully. That is the work done
by Woosley et al (1994; here after WWMHM94). In their numerical simulation, the entropy per baryon
becomes higher and higher as the computation time goes on. Finally, at very late phase of neutrino-driven
wind (∼ 10 s after the core-collapse), successful r-process occurs. However, there are some problems in
their results. First of all, it is unclear why the entropy per baryon at the late phase becomes so high as
their results. In fact, when we adopt the analytic formulation of QW96, such a high entropy should not be
obtained. Although the general relativistic effects are included in WWMHM94, such a high entropy could
not be obtained in Otsuki et al (2000). Therefore, the discrepancy between WWMHM94 and QW96 can
not be simply explained by only the general relativistic effects. Also, WWMHM94 has a problem that much
nuclei whose mass numbers are ∼ 90 are produced in the early stage of the neutrino-driven winds. To agree
with the observational solar system abundances, we have to abandon the products at the early stage of the
neutrino-driven winds. In addition, the successful mass-spectrum at the late phase of neutrino-driven winds
would be destroyed when the reactions of neutral-current neutrino spallations of nucleons from 4He are taken
into consideration (Meyer 1995). They reported that the entropy should be increased by (30–50)% in order
to restore the A = 195 peak. They are extremely large modifications to the model. Although WWMHM94
is surely the very remarkable and interesting work, the problem of r-process nucleosynthesis has not been
solved completely.
Due to the reason mentioned above, it will be natural to think that there may be an (some) effect(s)
that will help the r-process nucleosynthesis. In this study, we investigate the effects of rotation and magnetic
fields on the synthesis of the r-process nuclei. In general, it is difficult to study their effects since the
system including them is complicated and numerical simulations are needed in order to investigate them
precisely. Since there is no numerical simulation like that, our final goal is to perform such realistic numerical
simulations. However, as stated above, to perform such a numerical simulation will be a heavy task. Even
if we can do it in future, it will be difficult to explain the results without any simple analytical studies. In
this situation, before performing such numerical simulations, we examine the physical conditions of simple,
exact, and steady solutions of the neutrino-driven wind including the effects of rotation and magnetic fields.
We use the model that is the extension of the solution presented by Weber and Davis (1967), which is used
as a representative model for the solar wind. In this study, we add the effects of neutrino heating and cooling
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to the solution and examine whether the effects of rotation and magnetic fields can help the synthesis of
r-process nuclei.
In section model, we explain the formulation for the wind in the hot bubble. Results are shown in
section results. Summary and discussions are presented in section summary.
Formulations model Basic Equationsbasic
In Gaussian units, the Euler equation acted on by electromagnetic forces can be written as (Shapiro
and Teukolsky 1983) eqnarray d ~vdt = −1ρ∇P −∇Φ− 18piρ∇B2 + 14piρ( ~B · ∇) ~B.eqn1
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